Coal-fired power stations under oxyfuel combustion produce a raw CO 2 product which contains impurities such as water, oxygen, nitrogen and argon from excess oxygen and air leakages. There are also acid gases present, such as SO 3 , SO 2 , HCl and NO X produced as by-products of combustion. These acidic impurities will need to be removed from the CO 2 stream before it is introduced into the pipeline to prevent corrosion and comply with possible regulations. There may also be stringent requirements on purity, particularly for applications such as enhanced oil recovery. A novel compression method of producing NO x -free, SO 2free CO 2 was proposed in where SO 2 and NO x are removed as H 2 SO 4 and HNO 3 respectively by compression and water contact of the flue gas. At GHGT-9, initial experimental results were presented using actual fluegas via a sidestream from Doosan Babcock's 160 kW coal-fired oxyfuel rig, showing the feasibility of the process eliminating 99% SO x and 90% NO x compounds. In this paper, we report on the effects of pressure, temperature, residence time and presence of water in a laboratory scale apparatus using synthetic flue gas.
Introduction
Oxyfuel combustion in a coal-fired power station produces a gas stream which consists mainly of CO 2 and other minority compounds such as water vapour, oxygen, nitrogen and argon derived from the excess oxygen of combustion and any air leakage into the system. Also present are SO 3 , SO 2 , HCl and NO x produced as by-products of combustion. A new process for purifying the CO 2 has been proposed [1-6] and presented in GHGT-8 which produces NO x -free, SO 2 -free CO 2 to meet future specifications of CO 2 for geological disposal and enhanced oil recovery applications. The impure CO 2 is cooled down to condense water vapour, removing traces of ash and dissolving soluble gases such as SO 3 and HCl. Then, CO 2 is compressed to about 30 bar. During the process of compression, the CO 2 is purified by removal of SO 2 and NO x compounds as H 2 SO 4 and HNO 3 respectively. Any elemental mercury or mercury compounds present in the flue gas would also be removed by reaction with nitric acid.
At GHGT-9, we presented the initial experimental results of the process using actual fluegas via a sidestream from Doosan Babcock's 160 kW coal-fired oxyfuel rig. We showed the feasibility of the purification process eliminating 99% SO x and 90% NO x compounds at moderate pressures of 14 barg [8] .
In this paper, further study of the process is reported. Additional experiments at laboratory scale in a more controlled environment using synthetic flue gas have been carried out. The effects of different parameters including pressure, temperature, residence time and water on the elimination of SOx and NOx compounds have been investigated. The study of individual reactions under relevant conditions has also been performed. In particular, the reaction of NO 2 with SO 2 has been studied in the absence and in the presence of water. These studies are aimed at the development of a reliable kinetic and process model.
Proposed reaction mechanism for purifying process
NO x formed during combustion will be mostly NO. Subsequent conversion of NO to NO 2 was expected to follow reaction 1 [7] . At low temperature, the equilibrium of Reaction 1 favours NO 2 production rather than NO. However at low pressure the rate of the Reaction 1 is slow. Reaction of NO 2 with SO 2 to form sulphuric acid (2) , commonly referred to as the Lead Chamber process for the manufacture of sulphuric acid, was believed to be fast. The NO 2 formed would be converted to nitric acid by the nitric acid process, described by reactions 3 and 4. The NO formed in Reactions 2 and 4 was expected to be reconverted to NO 2 by Reaction 1.
These reactions give a path-way for SO 2 to be removed as H 2 SO 4 and NO and NO 2 to be removed as HNO 3 . In order to achieve high removal rate, sufficient pressure, residence time and contact with water must be provided.
Experimental set-up
A simplified diagram of the experimental Sour Compression Apparatus is shown in Figure 1 . This configuration is a modification of the one used in the 160 kWt NOx Reduction Test Facility (NRTF), located at Doosan Babcock's Research and Development Centre where real flue gas was used as feed [8, 9] . Different dry gases (SO 2 , NO, Air and N 2 /Ar) are introduced in a mixing system at the reaction pressure to get a synthetic flue gas with the desired composition. The gas in then introduced into a 4L stainless steal vessel (dry reactor). Optionally, the dry reactor can be by-passed in order to reduce residence time. The synthetic flue gas can then be optionally bubbled at the bottom of a second vessel (wet reactor, 1.25L) which provides liquid/vapour contacting when pre-filling it with water. A narrow tube containing the gas disperser is fitted to the bottom of the wet reactor in order to get better gas / liquid transfer when small volumes of water are pre-loaded. Finally, the gas composition is measured by SO 2 (Thermo, model H43i-HL) and NO x (Thermo, model 42c-HL) analysers. Liquid samples of the pre-loaded water are analysed by ion chromatography.
Results and discussion
Experiments were carried out with a range of different compositions of synthetic flue gas. First, the reactions of NO x and of SO x were studied independently in completely dry conditions in which the wet reactor was by-passed. Flow of the gases through the wet reactor allowed the effect of liquid water to be studied. Finally, both NO and SO 2 were fed simultaneously into a completely dry system, and then to a system with pre-loaded water or acid in the wet reactor. 
Inlet composition: NO + Air/N 2

Dry conditions
In the absence of oxygen, NO is not converted into any other NO x compound. However, in the presence of oxygen (3.5%), NO is partially oxidised into NO 2 in the dry reactor (by-passing the wet reactor) with conversion depending on the residence time and pressure. Under these conditions, no other NO x species such as N 2 O or N 2 O 4 were identified by Mass-Spec. Table 1 shows the NO conversions obtained in the dry reactor as a function of pressure. The residence time was varied by varying the total gas flow. The conversion increases as the pressure is increased reaching 87% at 15 bar. Wet conditions When the wet reactor was pre-loaded with water at room temperature, in the absence of oxygen, no acid liquid formation is observed and the NO composition in the gas phase remains constant throughout the system, with no formation of NO 2 . This data confirms the low solubility of NO in water.
In the presence of oxygen (3.5%), NO is oxidised into NO 2 in the dry reactor as described above. Conversion of NO 2 into acid liquid products (mainly HNO 3 and some HNO 2 ) was observed in the wet reactor. Figure 2a shows the gas composition through the rig at 5 bar and a total flow of 1.5 L/min with a residence time in the dry and wet reactors of 750 and 235 seconds respectively. Figure 2b was obtained at 15 bar and a total flow of 6 L/min corresponding to 600 and 105 seconds residence time in the dry and wet reactors. Oxidation of NO to NO 2 increases with the total pressure, Figure 2b , as also noted above, Table 1 . High conversion of NO 2 into liquid acid products is observed in the wet reactor, particularly at 15 bar, leading to very high overall removal rates of NO into liquid acid products at high pressures. 
Inlet composition: SO 2 + Air/N 2
Dry conditions
When SO 2 /N 2 is flowed through the system, the concentration of SO 2 remains constant. When air is mixed with SO 2 , negligible conversion into SO 3 is obtained under the range of conditions studied (up to 15 bar of pressure) as given in Table 1 .
Wet conditions
In the presence of pre-loaded water (300 mL) in the wet reactor at room temperature, SO 2 is quickly dissolved forming sulphurous and sulphuric acids, both in the presence and absence of oxygen (sulphurous acid partially oxidises on exposure of the aqueous liquid to air). However, unlike the case of NO 2 above, an increase of the SO 2 gas phase concentration with time is observed, Figure 3 . The high initial SO 2 removal due to the rapid dissolution of SO 2 in the large volume of liquid is followed by slow saturation of the water and liquid phase oxidation into acid products. Figure 3a shows the SO 2 gas composition at 5 bar with a residence time in the wet reactor of 170 seconds. Quicker saturation of the liquid with SO 2 is observed in the presence of oxygen. The initial molar transfer rates in the absence and in the presence of oxygen are 0.00577 mol SO 2 Âh -1 ÂL and 0.00507 mol SO 2 Âh -1 ÂL respectively. Figure 3b shows a similar experiment carried out at 15 bar, with a residence time in the wet reactor of 105 seconds (due to the higher total flow). The initial molar transfer rate is estimated to be 0.0565 mol SO 2 Âh -1 ÂL, an order of magnitude higher than at 5 bar. In this case, the study was extended to longer reaction times to follow the saturation 
of the water with SO 2 . Comparison of the two cases suggests that the dissolution of SO 2 into water under these conditions could be affected by gas/liquid contacting and might be mass-transfer limited when a higher pressure and a much higher flow rate are used. 
Inlet composition: NO + SO 2 + Air/N 2
Dry conditions Using a dry feed, the simultaneous presence of NO and SO 2 in the inlet gas does not have any effect on the oxidation of both compounds -the same observations are obtained as with an NO-only and SO 2 -only feeds. NO is partially oxidised into NO 2 inside the dry reactor with conversion depending on the residence time and pressure, while the concentration of SO 2 remains unchanged at all conditions studied up to 15 bar (Table 1) . Therefore, the oxidation of SO 2 by NO 2 does not take place significantly at room temperature in the absence of water.
Wet conditions
In order to study the effect of the presence of water, different volumes were pre-loaded into the wet reactor at room temperature. When the reactor is pre-filled with a large volume of water (300 mL), there is a high initial removal of SO 2 . However, an increase of the SO 2 concentration with time is observed similar to the results shown in Figure 3 , as the water slowly saturates. The SO 2 disappearance has been shown to be due to the dissolution of SO 2 into water and liquid phase oxidation into acid. Part of the formed NO 2 is also converted (approximately 50% at 5 bar and 80% at 15 bar) into nitric/nitrous acids while the NO concentration in the gas is observed to be slightly increased compared to the inlet to the wet reactor, but almost at the limit of experimental error. Clearer results of NO 2 reduction by SO 2 are obtained when small volumes of water are preloaded in the wet reactor.
When only a small volume of water (~10 mL) is pre-loaded into the wet reactor (Figure 4 ), the initial SO 2 conversion into acid products is lower than in the presence of larger volumes of water. However, in this case in sharp contrast to the above results, the SO 2 conversion increases with time. The NO 2 concentration decreases with respect to the dry section, mostly due to the formation of liquid products but also due to the reduction back to NO as expected according to the proposed mechanism (reaction (2) above). A similar process is observed at both 5 and 15 bar. Due to the low volume of water (10 mL) used in the run shown in Figure 4b , highly concentrated acid (~ 2M [SO 3 2-+ SO 4 2-] and ~ 0.2M [NO 3 -+ NO 2 -] is formed after 3hours of reaction. The much higher acid concentration in the liquid phase compared to when large water volumes are used, leads to a more efficient conversion of SO 2 [10] . In most of cases in the presence of liquid water, gas compositions varied with time during the period studied, due to the changing acid concentration in the liquid phase with time. In order to study the process at longer times, an initial conversion was simulated by pre-loading concentrated acid into the wet reactor. Figure 5 shows the gas concentration at 5 bar of pressure and a total flow of 6L/min when 3M sulphuric acid is pre-loaded into the wet reactor. The same process as is observed when large volumes (300 mL) or small volumes (10 mL) of acidic water are pre-loaded takes place. Some of the NO 2 formed in the dry section is converted into acid liquid products (nitric/nitrous acids) and NO in the wet reactor. It is important to highlight the increase of NO concentration in the wet reactor with respect to the dry section of the rig as this again confirms the importance of reaction (2) in the proposed mechanism. In both cases, a relatively constant SO 2 conversion is observed over the length of the runs (the small increases in SO 2 conversion with time over the wet reactor apparent in Figure 5 might be associated with strengthening acid concentration which is more pronounced for the 10ml case). We have previously noted that the process can be strongly affected by gas-liquid contacting and the difference in conversions between two volumes of pre-loaded acid can be related to the longer residence time when large volumes of liquid are pre-loaded. 
a. b.
Comparing Figure 4 with water pre-loaded in the reactor, and Figure 5 using pre-loaded acid, it would appear that different chemistry takes place in the presence of concentrated liquid acid such as the catalysed conversion of SO 2 into sulphuric acid in the presence of oxygen [10] 
Study of the effect of water on the reaction of NO 2 + SO 2
In order to study the oxidation of SO 2 by NO 2 (Reaction 2) over a wide range of temperature in a controlled environment, and in particular to study the effect of vapour phase water, some modifications were made to the experimental rig. NO where used as an inlet gas was pre-oxidized in the dry reactor (4L). SO 2 was introduced into the system after the dry reactor. The wet reactor was replaced by a second small dry reactor (hot reactor) with a volume of 32 cm 3 situated inside an air-circulating oven which allowed the reaction temperature to be increased to 400ºC. The individual inlet gases were preheated inside the oven before mixing at the entrance to the hot reactor.
Absence of water vapour
Results obtained under completely dry conditions are given in Table 2 . For studies in the presence of oxygen, NO was used as reactant and pre-oxidised at room temperature. Very high conversions (> 90%) into NO 2 were obtained over a range of pressures (from 3 to 15 bar) due to the long residence time in the dry reactor. Inlet concentrations are given in Table 2 at the entrance to the hot reactor. The reaction of NO 2 with SO 2 was followed by measurement of the SO 2 and NO x concentrations at the exit of the hot reactor. Negligible SO 2 disappearance was observed under 350ºC at any pressure either in the presence or absence of oxygen. However, at temperatures of 350ºC and higher, a small SO 2 disappearance was observed and at the same time NO was formed in a one-to-one molecular ratio within experimental error. A small increase of SO 2 conversion and NO appearance was observed when the temperature was increased from 350ºC to 400ºC. However, no effect of pressure/residence time on the conversion was detected which may indicate reaction catalysed by an oxidation product of the reactor wall material. Presence of water vapour Water vapour was introduced into the system, by passing the inert gas (argon) through a water saturator at room temperature before being introduced to the hot reactor via a long pre-heated section to ensure only vapour phase water was inlet. The total flow through the hot reactor was kept constant to 1 L/min. When NO and air were used as reactants, NO was pre-oxidised to NO 2 in the dry reactor as above before being introduced into the hot reactor. When reaction of SO 2 with NO 2 was studied in the absence of air, the dry reactor was by-passed and a NO 2 /Ar mixture was used directly. The results obtained on the effect of water vapour in the hot reactor are shown in Table 3 . Inlet compositions are given at the entrance to the hot reactor ignoring water. The water concentration was estimated to be in the range 1500-2000ppm in the presence of air and in the absence of air.
Initial experiments studied the oxidation of SO 2 in the absence of NO 2 . SO 2 was not converted over the range of pressures studied (up to 15 bar) and temperatures up to 100ºC. The same result was obtained in the absence of water vapour, Table 2 , indicating no effect of water vapour on this reaction at these conditions. However, in the presence of water and NO 2 , a large SO 2 disappearance was observed. Simultaneously, NO 2 was converted into NO. In the absence of oxygen, the reaction stoichiometry was close to one-to-one with SO 2 within the experimental error. The disappearance of SO 2 can be limited by the inlet concentration of NO 2 as re-oxidation of NO into NO 2 is unlikely at high temperatures. At the lower temperature of 100 o C when oxygen was present, the SO 2 conversions are slightly higher which may indicate that some re-oxidation of NO is taking place. As clearly shown, the reaction of SO 2 and NO 2 only takes place in the presence of water at conditions appropriate to the Sour Gas Compression process. More detailed interpretation of the observed conversions, however, is complicated by the presence of small liquid acid droplets which were found in the cooler parts of the rig downstream of hot reactor, especially inside the lines leading to the analysers. These droplets were found to be very strongly acidic and form as a consequence of the high dew point of sulphuric acid. The similarity of the SO 2 conversions at 100 and 400 o C in the hot reactor might be taken to indicate that the observed reaction of NO 2 and SO 2 reported in Table 3 took place mainly in the formed liquid acid droplets rather than in the hot reactor. These preliminary results concerning reaction (2) are very promising and demonstrate both the importance of the reaction in the process, and also the significance of liquid acid droplet formation. Further modifications to the rig are planned in order to obtain a fuller understanding of the Sour Compression process.
Conclusions
In the studied range of pressure (5 to 15 bar) it was found that NO is easily oxidized to NO 2 in the presence of oxygen, but negligible SO 2 oxidation to SO 3 is observed. NO is not soluble into water but NO 2 is readily converted into HNO 3 ; SO 2 is readily dissolved in water and converted into acid products (H 2 SO 3 and H 2 SO 4 ). The presence of concentrated liquid acid shows a higher SO 2 and NO removal most probably due to the reactions being catalyzed by strong acid.
In a study of the reaction of SO 2 with NO 2 in the absence and presence of water and water vapour, it was found that under dry conditions, oxidation of SO 2 by NO 2 does not take place significantly at conditions relevant to the Sour Compression process. However, in the presence of liquid water at room temperature, SO 2 is converted into liquid acid products and NO 2 is partially reduced to NO. In the presence of water vapour at 100ºC and above, large conversion of SO 2 and NO 2 were observed at high pressures. However, the precise interpretation is complicated by the formation of small, highly acidic, liquid droplets downstream of the hot reactor in the cooler parts of the reaction system which may contribute significantly to the observed conversions.
